LuxR is the transcriptional activator for quorum-sensing control of luminescence in Vibrio fischeri. A series of alanine-scanning mutants spanning a predicted helix-turn-helix region in the DNA binding domain of LuxR was constructed, and the activity of each of the LuxR mutant proteins in recombinant Escherichia coli was investigated. The region covered by the mutagenesis spanned residues 190 to 224. About half of the alaninescanning mutants showed activities similar to that of the wild-type LuxR: at least two were positive-control mutants, four appeared to be defective in DNA binding, and several others were characterized as DNA binding affinity mutants. This analysis, taken together with information about other bacterial transcription factors, provides insights into amino acid residues in LuxR that are involved in DNA binding and transcriptional activation.
Many bacteria regulate the expression of specific genes in a cell density-dependent fashion. This phenomenon has been given the term quorum sensing (12) . Quorum sensing involves the production of intercellular signals. A number of gramnegative bacteria use acyl-homoserine lactones (acyl-HSLs) as quorum-sensing signals. Acyl-HSL signaling was first recognized in the marine bacterium Vibrio fischeri, where it controls expression of luminescence. Quorum sensing requires two V. fischeri genes: luxI, which encodes an acyl-HSL synthase, and luxR, which encodes an acyl-HSL-dependent transcriptional activator. For quorum-sensing control of V. fischeri luminescence, the specific signal is N-(3-oxohexanoyl)-homoserine lactone (3-oxo-C6-HSL) (for reviews, see references 11, 12, and 23) . The luxR gene is adjacent to but transcribed divergently from the lux operon. The first gene in the lux operon is luxI, and the next five genes code for polypeptides involved in the light-emitting reaction (7, 8) . The luxI promoter, a 70 RNA polymerase (RNAP)-dependent promoter (28) , contains a lux box (3, 29) , a 20-bp inverted repeat centered Ϫ42.5 bp from the luxI transcriptional start site (6) . Other gram-negative genera possess LuxR and LuxI homologs. Different genes are controlled by acyl-HSL homologs in different bacteria (10, 11, 21, 23) .
The functional regions of LuxR have been defined primarily on the basis of molecular genetic studies (for a recent review, see reference 29). LuxR is a modular protein composed of 250 amino acid residues. The N-terminal two-thirds of the protein constitutes a 3-oxo-C6-HSL binding domain. The C-terminal one-third of the protein contains a helix-turn-helix (HTH) motif and is responsible for lux gene activation. In the absence of 3-oxo-C6-HSL, the N-terminal domain blocks the function of the C-terminal domain. When 3-oxo-C6-HSL is bound to the N-terminal domain, LuxR binds to the lux box and activates transcription of the lux operon (5). The available evidence is consistent with the hypothesis that LuxR is an ambidextrous activator that makes contact with the C-terminal domain of the RNAP ␣ subunit and with another region of RNAP (6) .
Although it has proven difficult to purify active, full-length LuxR (27, 29) , the LuxR homologs TraR from Agrobacterium tumefaciens and ExpR from Erwinia chrysanthemi have been purified recently (22, 32) . These proteins bind to DNA containing lux-box-like elements. Binding of full-length LuxR has not been studied in vitro, but recently we described an in vivo DNA binding assay (5) . This assay involves the measurement of ␤-galactosidase activity in E. coli containing p35LB10, a plasmid with an artificial lacZ promoter containing a lux box positioned between the Ϫ35 and Ϫ10 hexamers. In this system, lacZ expression is repressed by LuxR in a 3-oxo-C6-HSL-dependent fashion.
About 2 dozen LuxR homologs have now been identified (29) . These polypeptides show sequence identity in the Nterminal acyl-HSL binding domain and in the C-terminal DNA binding domain. In addition the C-terminal DNA binding domain shows significant identity to an HTH-containing domain of a larger group of transcription factors, the LuxR-FixJ superfamily (12) . This family includes the Escherichia coli response regulator NarL, for which a crystal structure has been described (1). The C-terminal DNA binding domain of NarL is composed of four ␣-helices. The central helices, ␣8 and ␣9, form the HTH motif, which is supported by a hydrophobic core composed of the flanking helices ␣7 and ␣10. A sequence alignment with LuxR, NarL, and other members of the superfamily suggested to us that the HTH motif of LuxR is between residues 200 and 224 (Fig. 1) . To begin to identify LuxR res-idues important in DNA binding and in activity of DNA-bound LuxR, we have performed an alanine-scanning mutagenesis over the HTH region and determined the function of each mutant LuxR with respect to DNA binding by means of the repressor assay described above. We have also analyzed the lux operon activator function of each mutant LuxR. We have identified mutant LuxR polypeptides that appear to bind DNA but do not activate transcription (positive-control mutants). We have identified mutants that do not bind to the lux box. We have also identified mutants that bind poorly but that under appropriate conditions retain an ability to activate lux operon transcription.
We constructed genes coding for 32 alanine-substitution mutants that spanned amino acid residues 190 to 224 (3 positions have an alanine in this region of the wild-type LuxR). The wild-type luxR was in pKE705 (Table 1 ). This LuxR expression vector was constructed by cloning a PCR-amplified luxR with its native Shine-Dalgarno sequence from pHK705 with the primers 5Ј-CAGGAAACAGCTATGACC-3Ј and 5Ј-CTCGA GTTAATTTTTAAAGTATGGGCAATC-3Ј (which introduces an XhoI site at the 3Ј end of luxR) and cloning the PCR product into EcoRI-and SmaI-digested pKK223-3. The luxR mutations were generated by replacing a 580-bp XbaI-XhoI restriction fragment of pKE705 containing the 3Ј 576 bp of luxR with overlap extension PCR products (15) that encode the appropriate alanine substitution. The PCR fragments were ligated with XbaI-and XhoI-digested pKE705 to generate the LuxR alanine-scanning mutant plasmid series described in Table 1. As a confirmation of our constructs, the sequence of each luxR gene was determined at the University of Iowa DNA Core Facility. We also performed a Western immunoblot analysis with antiserum raised against LuxR as described elsewhere (26) . This analysis showed that all of the alanine-scanning mutant plasmids directed E. coli to synthesize LuxR polypeptides of the correct molecular mass (Fig. 2) .
We used E. coli JM109 (30) , which has the genotype lacI q recA1 supE44. Cultures were grown at 30°C in Luria-Bertani broth containing the appropriate antibiotics for plasmid maintenance, 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for induction of ptac-luxR genes, and 3-oxo-C6-HSL (100 nM for experiments with pKE555 and 200 nM for experiments with p35LB10) unless otherwise indicated. Luciferase and ␤-galactosidase were measured in cells harvested at an optical density of 1.0 at 600 nm by techniques described elsewhere (4, 19) . The LuxR alanine-substitution mutants were assessed with respect to their ability to activate transcription of the lux genes. This was done by measuring luciferase activity in E. coli containing a luxR plasmid and the lux operon plasmid pKE555 (Tables 1 and 2 ). The mutants were also assessed with respect to their ability to bind the lux box. This was done by measuring ␤-galactosidase activity in E. coli containing a luxR plasmid and p35LB10, which has a LuxR-repressible lacZ gene (Tables 1  and 2 ), as described previously (5). One-half of the alaninesubstitution mutant proteins showed considerable binding activity (5-to 13-fold repression compared to a 10-fold repression by the wild-type luxR) and an ability to activate the luxI promoter (81 to 182% of the wild-type luxR). We presume that the residues at the positions defined by these mutants do not participate in DNA binding or in an interaction with RNAP, directly. Four of the substitution mutants, L191A, W193A, R212A, and H217A, showed essentially no ability to activate transcription of the lux operon or to repress lacZ. These probably represent mutant proteins that cannot interact with the lux regulatory DNA. A third group including W201A, I206A, and, perhaps, K198A retained some repressor function (Ͼ2-fold) but had very little lux activator function (Ͻ1% of wild-type activity). These can be considered positive-control mutantsmutants that can bind lux regulatory DNA but nevertheless fail to activate transcription of the lux operon. Many of the mutant LuxR proteins showed little or no repressor activity, but they maintained an ability to function as an activator (for example E196A and K224A; Table 2 ). These mutant proteins presumably have a decreased affinity for the lux regulatory DNA, and they require synergistic binding with RNAP. A map of the different mutations is shown in Fig. 3 . Those proteins that showed no appreciable activity as a repressor or as an activator were presumptive DNA-binding mutants. Two of the four presumptive DNA-binding mutants, L191A and W193A, had alanine substitutions in a region adjacent to the HTH predicted by our alignment with NarL ( Fig.  1 and 3) . We suggest that the wild-type hydrophobic residues L191 and W193 may stabilize the structure of the HTH. In support of this hypothesis, the two corresponding residues in NarL, L164 and L166, stabilize the HTH. L164 interacts with helix 9, and L166 interacts with helix 8 (1). L191 and W193 are highly conserved in the LuxR family (29) . The other two substitutions, R212A and H217A, may define residues involved in DNA recognition and binding. The alanine substitutions in these mutant proteins are for basic residues in what we predict represents the recognition helix (based on the alignment with NarL; Fig. 1 ). For other transcriptional regulators, basic residues in the recognition helix make direct contact with the regulatory DNA. For example, arginine residues in the recognition helix regions of catabolite activator protein (CAP) and the bacteriophage 434 Cro protein make direct contact with DNA (20, 24) . A histidine in the TyrR recognition helix and an arginine on a loop adjacent to the E. coli PurR recognition helix make contact with DNA (16, 25) . Thus, we suggest that R212 and H217 in LuxR make contact with the DNA.
The positive-control mutants W201A and I206A (and perhaps the weaker positive-control mutant K198A) may represent an activating patch in the vicinity of the first helix of the HTH. This suggestion finds support from studies of other transcription factors. For example, positive-control mutations in CAP, cI, and FIS also map to this area, and there is evidence that the residues defined by these mutations interact with RNAP directly (9, 13, 14, 31) . The LuxR residues W201 and I206 align with surface-exposed residues of NarL (1) (Fig. 1) . A surface-exposed location of these residues is consistent with the hypothesis that they make direct contact with RNAP. Again by analogy to NarL, G208 would represent a surfaceexposed residue on the same face of the helix as W201 and I206. Of interest, the G208A mutant showed almost twice the wild-type activation of lux transcription. Perhaps G208A is better able to interact with RNAP than the wild type.
We previously proposed that LuxR makes contact with two different regions of RNAP (6) . Presumably the promoter-distal subunit of a LuxR dimer interacts with the ␣-CTD, and the promoter-proximal subunit interacts with another region of RNAP. Our best positive-control mutant, W201A is on the first helix of the HTH motif ( Fig. 1 and 3) . Because W201 corresponds to a critical residue in cI that interacts with the RNAP subunit (14), we suggest that W201 might interact with the subunit.
Positive-control mutants have been reported in one other LuxR homolog, A. tumefaciens TraR. The TraR positive-control mutants were obtained by random mutagenesis. Changes in the N-terminal TraR residues D10 and G123 to N and R or Q, respectively, have been shown to eliminate positive control (18) . Because the position of these residues is in the signalbinding domain of TraR and because the amino acid substitutions are not conservative, it is difficult to speculate as to what their role in gene activation may be.
A number of the LuxR alanine-scanning mutants (for example, E196A) showed little or no ability to repress p35LB10 lacZ, but they retained function as an activator of the pKE555 luminescence operon (Table 2 and Fig. 3 ). This phenotype is similar to that described previously for a truncation mutant of LuxR that consisted of the N-terminal methionine followed by residues 157 to 250 (5) . Because in vitro DNA binding studies indicate that the truncated LuxR does not interact with the lux promoter in the absence of RNAP (27) , it was hypothesized that this mutant LuxR has a low binding affinity for the target DNA. Thus, it must be recruited to the promoter by RNAP (5). We believe that this is also the case for the alaninescanning mutants with little or no repressor activity but with appreciable activator function.
In conclusion, we have analyzed a series of alanine-scanning mutant LuxR proteins. This analysis has led to predictions about specific amino acid residues involved in DNA binding and other residues that interact with RNAP to allow transcriptional activation. Other types of investigations-for example, suppressor analyses or studies of LuxR structure-will provide tests of our hypotheses. The studies described here do, however, provide a conceptual framework to guide future studies. FIG. 3 . A diagram of the region of LuxR probed by alanine-scanning mutagenesis. Large red amino acid residues indicate those required for DNA binding. Changes of small red residues to alanines appeared to reduce, but not eliminate, binding to the target DNA. Changes of the large blue residues to alanines resulted in a strong reduction in the positive control, but not in DNA binding, and the small blue residue appears to have a weaker influence on the positive control. Changes of the black residues to alanines did not affect the activity of LuxR appreciably. a Relative units of ␤-galactosidase represent the percentage of activity in E. coli (p35LB10) without a luxR plasmid. Relative units of luciferase are the percentage of activity in extracts from E. coli (pHK555 and pKE705) grown in the presence of 3-oxo-C6-HSL. Values are means of two independent experiments, each done in triplicate. In all cases, the standard deviations were Ͻ15%.
